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Back g r o u n ct: Prenatal expa;ure to organopha;phate pesticides has been shown to negativelyaffect 
child neurobehavioral development. Paraoxonase 1 (PO N 1) is a key enzyme in the metabolism of 
organopha;phates. 

OBjective :We examined the relationship between biomarkers of organopha;phate exposure, 
PO N 1, and cognitive development at ages 12 and 24 months anc6-9 years. 

Methods: The Mount Sinai Children's Environmental Health study enrolled a multiethnic prena
tal population in New York City betvleen 1998 and 2002 (n = 404). Third-trimester maternal urine 
samples were collected and analy2ed for organopha;phate metabolites (n = 360). Prenatal maternal 
blood was analy2ed for PO N 1 activity and genotype. Children returned for neurodevelopment 
a!l!eSSI11entsages 12 months{n= 200), 24 months(n= 276), and 6-9 (n = 169) yearsofage. 

r esu 1 ts: Prenatal total dialkylpha;phate metabolite level was associated with a decrement in 
mental development at 12 months among blacks and Hispanics. These associations appeared to be 
enhanced among children of mothers who carried the PON1 Q192R QRIRR genotype. In later 
childhood, increasing prenatal total dialkyl- and dimethylpha;phate metabolites were associated 
with decrements in perceptual reasoning in the maternal PON1 Q192R QQ genotype, which 
imparts slow catalytic activity for chlorpyrita; oxon, with a monotonic trend consistent with greater 
decrements with inct"e<5ing prenatal exposure. 

con c 1 usi on: Our findingssumest that prenatal expa;ure to organopha;phates is negatively 
associated with cognitive development, particularly perceptual reasoning, with evidence of effects 
beginning at 12 monthsandcontinuingthrough early childhood. PON1 maybe an importantsus
ceptibil ity fartor for these deleteriots effects. 
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Before 2001, rESidential exposure to organo -
phosphate pesticidES, including chlorpyri
fcsand diazinon, WcScommon, even in an 
urban retting. lnrecticidESare ured in mul
tiunit, inner-city d\11/ellings to control inrect 
and rodent infEStations within apartments, in 
common spco:s, and around building exte
riors. De:;pite the voluntary cancellation of 
rESidential ure registrations of chlorpyrifcs 
and diazinon in 2001 and 2004, resp=ctively, 
bet\M:en June 2005 and March 2006, 78% of 
randomly relected nationally reprerentative 
U.S. hom:s had rra:surable levels of chlorpy
rifcs, and 35% had rra:surable le..els of diaz~ 
non, surne;ting ongoing rESidential exposure 
(Stout et al. 2009). Additionally, exposure to 
organophosphate pesticidES or their rESidUES 
may occur via consumption of conventionally 
grown fruits and \eytabiES (Lu et al. 2008). 

Neurodevelopmental conrequenCES of 
human expcsure to organophosphate pes
ticidES have been demonstrated in urban 
(Bouchard et al. 2010; Engel et al. 2007; 
Rauhetal. 2006), rural (Eskenazi etal. 2007, 
2010; Young et al. 2005), and occupational 
rettings (Handal et al. 2008; Roldan-Tapia 
et al. 2006), some of which specifically 
involve prenatal exposure (Engel et al. 2007; 
Eskenazi etal. 2007, 2010; Marksetal. 2010; 

Rauh et al. 2006; Young et al. 2005). We 
have previously reported that prenatal pes
ticideexposurewcscssociated with smaller 
hEEd circumference (Berkowitzet al. 2004) 
and more abnormal primitive refleXES (Engel 
et al. 2007), particularly among children of 
mothers with low paraoxonare 1 (PO N 1) 
cctivity. PON1 isa keyenzyrre in themetatr 
olism of organophosphate pesticidES (Ccsta 
et al. 1999)and hcs bEen shown to be a bio
marker of sus::eptibi I ity to the toxic effects of 
organophophate pesticidES, both in animals 
(Ccstaet al. 2003) and in humans (Engel 
et al. 2007; Eskenazi et al. 2010; Lreet al. 
2003; Nielrenetal.2010). 

We undertook an invEStigation of the 
impact of prenatal organophcsphate metabo
lite biomarker levels in relation to cognitive 
de..elopment at multiple tim:s in childhood, 
whileconsidering the modifying influence 
of maternal and child PON1 genotype and 
enzymatic cctivity. 

Methods 
The Mount Sinai Children's Environmental 
HEEllth Cohort study is a prcspective multietlr 
niccohort that enrolled primiparous women 
who preen ted for prenatal care with single -
ton pregnanciES at the Mount Sinai prenatal 

clinic and two private prcctio:sand \11/eresub -
~uently delivered at Mount Sinai Hcspital 
bet\M:en May 1998andJuly2001. The target 
population wcs hEalthy, first-born infants with 
no underlying hEalth conditions that might 
independently rESUlt in rerious neurodevelop
mental impairment. Therefore, women \/\/ere 

considered eligible if they \/\/ere primiparous 
with singleton pregnanciEs, had no underlying 
hEalth conditions that might predi~ them 
to havereriouscomplications of pregnancy that 
might rESUlt in an at-risk infant, and ultimately 
delivered infants that \/\/ere neither extremely 
preterm nor very low birth reight. (BerkONitz 
et al. 2003, 2004). Mother-infant pairs \/\/ere 
recruited EElrly in pregnancy ( n = 479). In 
brief, su~uent to delivery, 75 women \/\/ere 

excluded becaure of medical complications, 
very premature births (delivery before 32 COI'Tl

pleted V'vi:Eks or birth reight < 1 ,500 g), del iv
ery of an infant with a birth defect, inability to 
collect biologic specimens before birth, change 
of hospital or rESidence outside New York 
City, or refUS31 to continue to participate, lEav
ing 404 worren-infant pairs in the final rohort 
(BerkONitzet al. 2004). 

We administered a quEStionnaire to par
ticipants during their third trimESter of preg
nancy to obtain information on environmental 
exposurES, sociodemographic characteristics, 
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ob:>tetrical and rredical history, and lifEStyle 
fcctors. Worren relf-identified cs white, white 
Hi~ic, bled<, bled< Hisp3nic, or other. For 
the purpo::e of this analysis, white Hispanic 
and black Hispanics were jointly considered 
Hi~ic. Maternal blood and urines:mpiES 
were also obtained during a routine clinical 
visit, ~rally betvvEen 26 and 28 w:eks of 
g:lStation. Delivery characteristics and birth 
outcom:s, including birth weight, length, h:a:l 
circumference, g:lStational ~and infant rex, 
were obtai ned from a computeri2ECI peri natal 
c:latcb::rewithin the Dep3rtment of Ob:>tetrics, 
Gynecology and Reproductive Science at 
Mount Sinai Ha:pital. 

The Bayley &alES of Infant Development 
2nd edition (BSI D-11), wcsadministered at 
the Mount Sinai Hospital at approximately 
12 (n = 200) and 24 months ( n = 276). The 
BSI D-11 providES ~-standardized norms 
of mental [Mental Development Index 
(MD I ) ] and psychomotor [Psychomotor 
Development Index (PD I)] development. The 
MDI rates thechild'scognitiveability in a 
number of ara:s, including memory, habitua
tion, problem solving, EErly number concepts, 
generalization, cl265ification, vocalizations, 
langucge, and social ski lis. The PD I ratES the 
child's fine and grcss motor coordination. 
&aiESare~ standardi2ECI to a rrmn (±SD) 
of 100± 15 (Bayley 1993). lnterviewsand 
examinations were conducted in English or 
Spanish cs required. Children were invited 
to return for Wechsler psychometric intelli
gence tESts betvvEen the cg:lS of 6 and 9 )€SIS. 

Children that returned before 7 )€SIS of~ 
were administered the Wechsler Preschool 
and Primary &ale of I ntell igence , 3rd ed i -
tion (WPPSI-111), which wcsadministered 
in English or Spanish by one of four exam
iners. Block Design, Information, Matrix 
REESOning, Vocabulary, Picture Concepts, 
SymboiS:Erch, Word Re:soning, and Coding 
subtEStswerecompleted. Composite Verbal, 
Performance, Proce:Ei ng sp:ed, and Full-Scale 
I Q (FSI Q) score; were derived using ~art 
dardized WPPSI-111 norms. Children who 
returned betw:en the cg:lS of 7 and 9 years 
were administered the Wechsler Intelligence 
&ale for Children, 4th edition (WISC-IV) 
by one of four examiners. Children pro
vided witne:red a:rent before the start of the 
cm:ssrnent. Block Design, Similarities, Digit 
Span, Picture Concepts, Coding, Vocabulary, 
Letter-NumberS=quence, Matrix Ra:roning, 
Comprehension, and Symbol S:Erch subtESts 
were completed. Composite Verbal, Perceptual 
REESOning, Working Memory, Processing 
Speed, and FSIQ score:; were derived using 
age-standardi2ECI WISC-IV norms. Both the 
WPPSI-111 and the WISC-IV wereadmin
istered in a private room without the parent 
pre::ent. Mothers provided informed conrent, 
and children ~ 7 )€SIS of~ provided verbal 

and witne:red a:rent. Thisstudywcsapproved 
by the Institutional Re.tiew Beard of Mount 
Sinai School of Medicine. 

Maternal urine samples were analyzed 
by the Centers for D iseare Control and 
Prevention (CDC) for six dialkylphosphate 
metabolites in two batchES. Laboratory and 
quality control methods have bEen reported 
pre.tiously (Barret al. 2005; BratOet al. 2004; 
Wolff et al. 2005). In sornecaxs, individual 
dial kylpha:phate metabolite levels were miffi
i ng bec:at.re of analytic interference. In thEre 
caxs, miffiing dialkylpha:phatemetabolite le.t
els were imputed using regrESSion analysis to 
predict the missing metabolite on the I:Esisof 
the other nonmiffiing metabolites rreasured 
for that woman within the group of correlated 
metabolitES, cs hcs bEen pre.tiously ~ribed 
(Engel et al. 2007). S:mpiES below the limit 
of detection (LOD) were defined cs LOD/ ~2. 
Diethyl- and dimethylphosphate metabo-
1 ites were sumrred (cs micromoiES per I iter) 
to obtain total diethylphosphatemetabolitES 
(IDEP) and total dimethylpha:phate metabo
litES (IDMP),and total dialkylpha:phate le.t
els (IDAP). Very dilutes:mpiEsof urine with 
< 20 iJQ/dL Clffitinine ( n = 26) were excluded 
from organophosphate metabolite ana lyres, 
in ax::ordance with methods that have previ -
ously bEen applied for spot urine biomarker 
mecsure:; (Carrieri et al. 2001; Engel et al. 
2007; Eskenazi et al. 2004; Wolff et al. 2007). 
Overall, approximately 97%, 89%, and 90% 
ofthecohort had detectable levels of IDAP, 
IDEP, and IDMP metabolitES, re:;pectively 
(Engel et al. 2007). A random subret of 
maternal peripheral blood samples from the 
entire cohort (n = 194), distributed roughly 
equally by maternal ra:e/ethnicity (66 blacks, 
64 Hispanics, 64 whites, the number being 
dictated by budgetary considerations), wcs 
analy2ECI for polychlorinated biphenyls (PCBs) 
and 1, 1' -dichloro-2,2' -bis(4-chlorophenyl) 
ethylene (ODE). PCBsweredefined cs the 
sum of congeners 118, 153, 138, and 180 
(Wolffet al. 2005). Total lipids (grams per 
liter) were calculated by using cholEsterol and 
triglyceride; (Phillipset al. 1989) determined 
on the 17 4 pla:ma s:mpiEs with sufficient vol
ume. Distributions of biomarker levels have 
bEen pre.tiously reported (Engel et al. 2007; 
Wolff et al. 2007). 

Pla:maWa5rep:~rated from prenatal mater
nal peripheral blood and cord blood at deliv
ery and \l\la5 us:d to rre::sure PO N 1 activity by 
phenylcretate hydrolysis (Chen et al. 2005). 
Using maternal and child DNA, PON1 poly
rnorphisrrswerealso rreasured using clamp
dependent and linking emulsion allele-sp:cific 
polyrrera:echain ra:rlion (Chen et al. 2005). 
We examined interactions betw:en prenatal 
organophosphate exposure (dichotomi2ECI cs 
above and below the rred ian exposure) and 
tertiiEsofPON1 activity in maternal prenatal 
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peripheral blood and child cord blood. We 
also examined interactions betw:en prenatal 
organopha:phateexposureand the maternal or 
child PON1 Q192R,-108C > T,and L55M 
polyrnorphisrs. Weclcrelyexarnined interac
tions if the type 3 F-tESt for the product-term 
in Proc GLM (either thecl265variable rep -
re::enting biomarker tertiiES x dichotomi2ECI 
genotypes or race/ethnicity, or the linear 
term for log 10 organophosphate metabolites 
x dichotomi2ECI genotypes or rcre/ethnicity) 
wcs p < 0.20. The PON1 Q192R polyrnor
phisn in particular hcs bEen shown to have a 
strong functional conrequence on the relati've 
rate of hydrolysis of certain organophophate 
sub:>tratES (Li et al. 2000) and hcs bEen shown 
to affect the catalytic efficiency for chlorpyrifos 
but not diazi non (Richter et al. 2009). 

Datawereanaly2ECI LSing SAS('ve!Sion 9.1; 
SAS Institute Inc., Cary, NC). Generali2ECI 
I i nEEr models were ured to analyze the rela -
tionship betw:en biomarker levels and MD I 
and PD I. In total, 200 children were admi nis
tered the BSI D-11 at approximately 12 months 
of age (mean ± SD, 13.1 ± 1.6 months). 
Children were excluded from analy.xs if their 
refUS31 to do a large proportion of the items 
on the examination influenced their o\erall 
score(12-rnonth MDI, n= 1). Two children 
were excluded from the 12-month analysis 
becaure their parent reported a d iq:Jnosis of 
pervcsive de.telopmental disorder. We also 
excluded ol::rervations when urine cra:rtinine 
Wa5< 20 iJQ/dL in the maternal urines:mple 
(n=20). Of the remaining 177eligiblechil
dren who completed 12-rnonth exams, 174 
had organopha:phate metabolitES rre::sured in 
prenatal urine. 

At the 24-month BSI D-11 (rrmn ± SD, 
27.4 ± 4.5 months), 276 children completed 
the exam. Two were excluded from the 
24-month analysis bec:at.re the parent reported 
a diq:Jnosis of pervasive developmental disor
der. S:mples of urine< 20 iJQ/dL cra:rtinine 
(n = 23) were also excluded. Of the remaining 
251 eligible obrervations, 247 had organo
phosphate metabolites rreasured in prenatal 
urine. We could not compute the MDI s::ore:; 
for 10 additional children bec:at.re their refus
als were too extensive to accurately calculate 
scores; however, they were included in the 
PD I analy.xs bec:at.re their s::ore:; were 'valid. 

To maximize thes:mplesize of our mod -
els, we conducted analyses that combined 
the FSIQ, Perceptual REESOning, Verbal 
Comprehension, and Prcx::eEing Speed com
positescore:; from children who carne for at 
la:st one of the Wechsler psychometric intel-
1 igence exams---in the text and tables we 
refer to this as the "combined population" 
(n = 169). For the=eanaly.xs, we preferentially 
relected theWISC-IV compositescore:;and 
sub:>tituted the \/\/PPSI-111 composites::ore:; if 
the child did not return for the later exam. We 
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included an indicator variable to arount for 
whether thes:::ore:; derived from a WISC-IV 
or WPPSI-111 exan. Theconverg:mt validity 
between the WISC-IV and WPPSI-111 hcs 
bEen previously reported. Sp=cifically, in r:sY
chometric analys:s, the correlation between 
WPPSI-111 and WISC-IV FSIQs:::ore:;wcs 
0.89; WPPSI-111 Verbal IQ and WISC-IV 
Verbal Comprehension, 0.83; and WPPSI-111 
Performance IQ and WISC-IV Perceptual 
Reasoning, 0.79 (Flanagan and Kaufman 
2004). In our study, among children who 
returned for both exams ( n = 103 ), the cor
relations between the composite s:::ores on 
the WPPSI-111 and WISC-IV were likewire 
very strong: FSI Q = 0.83, Verbal I QNerbal 
Comprehension= 0.84, and Performance IQ/ 
Perceptual Reasoning= 0.78. For all mod
els, covariates were retained if their exclu -
sion caured more than a 10% change in 
the 13-crefficient of the full model or if they 
improved the precision of the main effect 
EStimate. The following covariatES were con -
sidered cs potential confounders or effect 
modifiers: maternal ~. rcre/ethnicity, marital 
status, education, brecst-fEeding, child rex, 
alcohol, smoking, or drug ure during preg -
nancy, maternaiiQ (rra::sure::l by thePEroody 

Picture Vocabulary tESt), Horne Oaervation 
for Mecsurement of the Environment 
(HOME) s:::ore, s:xson of urine collection, 
maternal PON1 activity or genotype, lan
g~ spoken in the horne, and exact age at 
tESting. GEStational ~at deli'veryand birth 
weight v..ere not evaluated for confounding 
l::a:at.re they are potentially caus3l intermedi
atES (Moreno-Bandaet al. 2009; Whyatt et al. 
2004; Wolffet al. 2007). All models were 
a::ljusted for exaniner and urinary cra:rtinire. 

Results 
The Mount Sinai Children's Environmental 
HEEith Center enrolled a multiethnic inrer
city cohort, most of whom were black or 
Hispanic women(- 80%) (Table 1). Most 
mothers in the cohort v..ere < 25 ye3rs of~ 
at enrollrnent. However, in some follow-up 
',€8JS, there who returned for foiiON-up a:a:ffi

rnents tended to be older women, with a dis -
proportionately low fraction of women in 
the young:5t category ( < 20 years at enroll
rnent) being unra:dlable by any of our con -
tact methods. We found similar trends for 
education. There returning for follow-up did 
not differ substantially from the originally 
enrolled cohort with re:;pect to racial/ethnic 

Table 1. Characteristics of the Mount Sinai Children's Environmental Health Study, Mount Sinai Medical 
Center, 1998--2002 [n (%)]. 

Qiginal Follow-up 

enrolled cohort 12months 24months 6--9years 
Chara::teristic (n=404) (n=200) (n=276) (n=169) 

Matemal age at delivery (years} 
<20 142(35.2) 57(28.5) 96(34.8) 54(31.9) 
20--24 132(32.7) 56(28.0) 83(30.1) 56(33.1) 
25-29 44(10.9) 30(15.0) 34(12.3) 25(14.8) 
30--34 64(15.8) 39(19.5) 43(15.6) 19(11.2) 
<::35 22(5.4) 18(9.0) 20(7.2) 15(8.9) 

Race/ethnicity 
V\lhite 86(21.29) 57(28.5) 63(22.8) 31 (18.3) 
Bla::k 112(27.72) 52(26.0) 74(26.8) 47(27.8) 
Hispanic 200(49.50) 89(44.5) 136(49.3) 88(52.1) 
Qher 6(1.49) 2(1.0) 3(1.1) 3(1.8) 

Marital status 
Married 117 (29.0) 71 (35.5) 81 (29.4) 38(22.5) 
Uving with baby's father 98(24.3) 41 (20.5) 62(22.5) 40(23.7) 
Single 189(46.8) 88(44.0) 133(48.2) 91 (53.9) 

B:lucation 
<High school 118(29.4) 50(25.0) 78(28.3) 46(27.2) 
High s::hool graduate 83(20.7) 35(17.5) 55(19.9) 36(21.3) 
Sane college 103(25.6) 49(24.5) 70(25.4) 51 (30.2) 
<:: Ba::helor's degree 98(24.4) 66(33.0) 73(26.5) 36(21.3) 

Alcohol use during pregnarcy 59(14.0) 31 (16.0) 36(13.4) 28(16.9) 
D.Jration of breast-feeding (months) 
< 1 140(42.2) 74(37.0) 122(44.2) 73(43.5) 
1-3 71 (21.4) 45(22.5) 56(20.3) 36(21.4) 
<::4 121 (36.5) 81 (40.5) 98(35.5) 59(35.1) 

Any organophosphate bianar1<er level 363(94.8) 190(95.0) 267(96.7) 165(99.0) 
Matemal FUI/1 Q19:R 
00 120(30.9) 63(33.3) 78(30.2) 46(28.2) 
<R 174(44.7) 83(43.9) 119(46.1) 78(47.9) 
ffi 95(24.4) 43(22.8) 61 (23.6) 39(23.9) 

Matemal paraoxonase enzyme a::tivity (units/rrl..) 
2,964-9,576 (tertile 1) 130(33.9) 69(37.5) 91 (35.7) 57(34.8) 
9,700-11,660 (tertile 2) 123(32.1) 51 (27.7) 81 (31.8) 43(26.2) 
11,665-20,000 (tertile 3) 130(33.9) 64(34.8) 83(32.6) 64(39.0) 

composition. Importantly, we also found no 
I'Tffil1ingful differena:swith re:p:rl to bra:st -
fEeding behaviors or alcohol t.re during preg
nancy. In general, mothers who returned for 
follow-up a:a:ssments tended to ha've bEen 
older at enrollment and to ha've achieved a 
higher level of education. Allele f~a:~t.enciES for 
PON1 polymorph isms varied by rcre, cs hcs 
bEen previously reported for our population 
(Crenet al.2003).1ntrepopulationofsub
jects included in this analysis, the f~a:~t.ency 
oftheAallele (rESUlting in Q amino acid) wcs 
7 4% among whitES, 36% among blacks, and 
55% among H isp3nics. The fra:JLEnciEs of the 
-108T allele and 55L alleiEsv..erealso differen
tial by ra:e. For a detailed cle:cription of allele 
frequencies and metabolite concentrations 
arording to rcre, s:e Supplerental Material, 
Table 1 (doi:10.1289/ehp.1003183). 

At the 12-month BSI D-11 exan, theESti
mated effect of organophosphate rnetabol itES 
on the MD I wcs strongly heterogeneous by 
rare/ethnicity for the LDAP and LD MP 
rnetabolitES (Table 2). Among nonwhites, 
incra:sing LDAPand LDMPtertiiESofexpo
surewere cssociated with a decrea::e in the 
MDI [log10 LDAP: 13 = -3.29; 95% confi
dence interval (CI), -5.88 to--0.70]. HOJI.ever, 
among whites, the re.erre pattern emerged, 
with higher exposure cssociati ng with better 
MDI s:::ore:; (log1o LDAP: 13 =4.77; 95% Cl, 
0.69--8.86). We found similar trends in the 
effect EStimatES when we stratified by housing 
type (public vs. private) rather than rcre/eth
nicity. We found no heterogereity in LDEP 
effect estimatES arording to rcre/ethnicity , 
and o'verall, LDEP metabolitESv..ere not am
ciatedwithtre12-monthBSID-II MDI. We 
found no relationship bet\l\.€en organophos
phate rnetabol itES and the PD I at 12 months 
o'verall, and no interaction with rcre/ethnicity 
for any of the metabolite groups (Table 2). 
At the 24-month BSI D-11, effect estimatES 
\/\ere not reter~reousby rcre/ethnicity (data 
not shown). Consistent with the 12-month 
a:a:ffirnent, prenatal maternal LDAP rnetabo
lite level wcs inversely associated with the 
24-month MD I ( 13 = -2.08; 95% Cl, -4.60 
to 0.44) in multivariate adjusted models, 
although the effect estimatES were attenu
ated relative to the 12-month estimates and 
mecsured with comparable precision [ree 
Supplarental Material, Table2 (doi:10.1289/ 
ehp.1003183)]. The metabolites were not 
amciated with 24-month PD I. 

Ba:at.reof trestrong interaction bet\l\.€en 
rcre/ethnicity and organophosphate rnetabo
litESon tre BSID-11 MDI at 12 months, we 
exanined the interaction between the PON1 
polymorph isms and LDAP and LD MP 
metabolites within strata of rare/ethnicity; 
holflev'er, the white population wcs too small 
to further subdivide by ~notype. Therefore, 
we rEStricted this analysis to only the black 
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or Hispanic population. Among blacks and the QQ group \l'\€re quiteele.tata::l in a pcsi - genotype instEECI of the mother's genotype, 
Hispanics, theeffectsof LDAP, LDEP, and ti>ve diff:Ction, trey \l'\€realwaysEStimata::l with but child genotype\11/CSavailablefor only 57% 
LD MP\I'\€restrongly differential a:rording to impff:Cision and did not follow a monotonic of the population becau::eoord blood \11/CSool-
PON1 Q192Rgenotypeat 12monthsbut not pattern. Results VI/ere oonsistent when \Ne lecta::l for only asul:ret. Therefore, \Ne report 
24 months. At 12 months, children of mothers stratifiEd by black and Hispanic ana:stry (s:e only the maternal gene -organophosphate 
with the PON1192 QRIRRgenotypeexperi- Supplemental Material, Table 3), although interactions. 
enca::l approximately a 5-poi nt decline on the the sample size wcs quite small. We found I ncra:si ng L DEP rnetabol ite levels VI/ere 
MDI witha:ch 10910 unit incre:re inLDAPor no interaction bet\t\IEEn the PON1 Q192R a350ciated with slight decrements in FSIQ 
LD MP biomarker level which \11/CS monotonic polymorphism and organophcsphate rnetabo- (log10 13 = -2.89; 95% Cl, -6.15 to 0.36) 
across terti les [s:e Supplemental Material, lite level on the MDI at 24 months. Wearo and Perceptual Reasoning (log 10 13 = -3.51; 
Figure (doi:10.1289/ehp.1003183)], and a found no interactions (p ~ 0.20) bet\t\IEEn 95% Cl, -7.31 to 0.30) on theoombined 
2-point decline in MD I for a:ch log 10 unit organophcsphate rnetabol itES and the L55 M psychornetricexcrrs, and aro with Working 
incre:re in LDEP biomarker level (Table 3). or -1 08C > T polymorph isms, or with enzyrre Memory (log10 13 = -3.48; 95% Cl, -7.29 
There\11/CSerentially no effect among children activity, on neurodeveloprnent at any age. to 0.34) on the 7-9 ye:~r WISC-IV examina-
of mothers with the QQ genotype. Although Resu Its rere simi lar when re ESt irnated a:a::ci- tion (Table 4), although the EStimatEd effects 
in some instancES the point EStimatES among ationsa:rording to the child's PON1 Q192R rere relatively modESt and impff:Cire. ThEre 

Table 2. Prenatal organophosphate biomarker levels and 12-month BSID-11 MDI in the Mount Sinai Children's Environmental Health Study. 

O:rnbined race/ethnicity" (n = 149) Black/Hispanic subjectS' (n = 111) IMlite subjectS' (n = 38) Interaction 
Oganophosphate biomarker Adjusted mean 95%0 Adjusted mean 95%0 Adjusted mean 95%0 p-value 

MDI 
ID.AP 
T3 96.1 93.1 to99.0 91.5 88.3to94.7 103.7 98.5 to 108.8 <0.001 
T2 95.8 92.5to99.1 94.4 91.2 to97.5 95.9 90.6 to 101.3 
T1 97.0 93.7 to 100.3 96.2 92.9to99.4 92.0 85.4to98.7 
Log10 J3 -1.00 -J.28 to 1.28 -J.29 -5.88 to -D.70 4.77 0.69to8.86 0.001 

TIE" 
T3 97.5 94.3 to 100.6 95.2 91.9to98.6 100.6 94.6 to 106.5 0.82 
T2 95.4 92.3to98.6 93.8 90.4to97.1 96.8 90.8 to 102.9 
T1 95.9 92.9to98.9 94.3 90.9to97.6 97.3 91.8 to 102.7 
Log10 J3 0.03 -2.23 to 2.29 -D.33 -J.OO to 2.35 0.86 -J.16to4.87 0.62 

IDMP 
T3 96.1 93.4to99.0 92.1 89.0to95.2 103.3 97.9 to 108.7 <0.01 
T2 96.1 92.9to99.3 94.2 91.0to97.4 97.2 91.1 to 102.6 
T1 96.8 93.5 to 100.0 96.3 93.0to99.5 92.2 85.6to98.7 
Log10 J3 -1.12 -J.14to0.89 -J.35 -5.64 to -1.06 4.45 0.82to8.08 <0.001 

FDI 
ID.AP 
T3 92.5 88.5to96.6 94.2 89.5to98.9 90.8 83.3 to98.2 0.65 
T2 96.6 92.1 to 101.1 97.5 93.0to 102.1 97.0 89.2 to 104.7 
T1 95.3 90.9to99.8 97.7 93.1 to 102.4 90.0 80.5to99.6 
Log10 J3 -D.52 -J.66 to 2.62 -1.52 -5.21 to 2.16 2.07 -J.83 to 7.96 0.31 

TIE" 
T3 93.6 89.3to98.0 95.6 91.0to 100.2 91.7 83.5to99.9 0.25 
T2 94.5 90.1 to98.9 95.9 91.2 to 100.6 94.4 86.0 to 102.7 
T1 95.3 91.2to99.5 97.7 93.1 to 102.4 92.1 84.6to99.6 
Log10 J3 -D.20 -J.28 to 2.87 -{).48 -4.11 to3.16 0.46 -5.12 to 6.03 0.78 

IDMP 
T3 94.5 90.6to98.5 96.4 92.0to 100.8 92.5 84.9 to 100.2 0.83 
T2 93.7 89.3to98.0 94.5 90.1 to99.0 94.4 86.7to 102.1 
T1 95.1 90.7to99.5 97.8 93.2 to 102.4 89.5 80.2to98.8 
Log10 J3 -D.92 -J.68to 1.85 -1.81 -5.07 to 1.45 1.36 -J.83 to 6.56 0.31 

T,tertile. 
"General linear model adjusted for race/ethnicity, matemal age at enrollment, child sex, examiner, matemal PON1 enzyme activity, season of urine collection, laboratory batch, l-OME 
score, alcohol consumption during pregnancy, and urinary creatinine. i:Generallinear model adjusted for maternal age at enrollment, child sex, examiner, maternal PON1 enzyme 
activity, season of urine collection, laboratory batch, l-OME score, alcohol consumption during pregnancy, and urinary creatinine and including a biomarkeF-race interaction term. 

Table 3. FON1 Q19:R interaction with IDAP, IDEP, and IDMP levels on the BSID-11 MDI in the Mount Sinai Children's Environmental Health Study. 

Bicmarker 

5.72 
3.69 
2.76 

12-month BSID-11: black/Hispanic subjects (h= 110)" 24-rronth BSID-11: total population V7 = 197) 

FUI/119200 FUV1192<R'ffi FUI/119200 FUV1192<R'ffi 
(slow; n = 28) (fast;b n = 82) Interaction (slow; n =57) (fast; n = 140) 

95%0 log10 J3 95%CI p-value log10 J3 95%0 log10 J3 95%CI 

-D.48 to 11.92 -4.94 -7.81to -2.07 < 0.01 -1.04 --B.06 to 3.99 -1.27 -4.40 to 1.84 
-D.97 to 8.36 -1.95 -5.36 to 1.47 0.06 -D.55 -4.79 to 3.70 -D.15 -J.51 to 3.21 
-2.44 to 7.97 -4.47 -7.05 to -1.89 0.02 0.12 -4.17 to 4.42 -D.48 -J.27 to 2.30 

Interaction 
p-value 

0.93 
0.88 
0.81 

Data are for a general linear model adjusted for maternal age at enrollment, child sex, examiner, l-OME score, alcohol consumption during pregnancy, laboratory batch, season of 
urine collection, urinary creatinine, and including a biomarker-AJN1 Q192R genotype interaction. The 24-month model was additionally adjusted for maternal race/ethnicity. 
'Dne subject identified mixed ethnicity. bjn this category, seven were black and the remainder Hispanic. 
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ce;ociations \l'vere not heterog:meous by ra::e/ 
ethnicity. Ho\l've\er, for the combined popu
lation, \I've qJain found effect heter~neity 
according to the PON1 Q192R polymor
phism for the CS30ciations between IDAP 
and IDMP biomarkers and perceptual rEE

soning domain. In contrcst to the 12-month 
BSID-11 MDI, children of mothers with the 
slow-catalytic-activity ~notype (QQ) experi
enced a substantial decrerrent in the overall 
perceptual rEESOn i ng score with EECh log 10 
increment incra:ee in exposure, wherEES\1\€ 
found no effect of IDAP and ID MP bio
markers on the perceptual reasoning score 
of children with mothers who carried the 
QRIRR~notyp:s (Table5). Comparing bio
marker tertilesarording to ~notype, incrEES 
ing tertiles of IDAP, IDEP, and ID MP 
among the children of mothers with the 
PON1192QQ ~notype\l'vere~nerallya:ro
ciated with monotonically declining adjusted 
means in FSIQ and perceptual reasoning, 
wherEES \I've found no consistent pattern in 
the QRIRR group (Figure 1 ). For perceptual 

rEESOning, the first- versus third-tertilecon
trcstsfor IDAPand IDMP\I'verestatistically 
significant fp < 0.05). 

Maternal third-trimester blood PCB 
concentration wcs inverrely CS30Ciated with 
mental de.telopment at 12 months (109e 13 = 
-7.18; 95% Cl, -14.47 to 0.11) but not at 
24 months (loge 13 = 1.60; 95% C I , --6.57 
to9.77)andwcsnota:rociatedwith IQ [s:e 
Supplerrental Material, Table4 (doi:10.1289/ 
ehp.1003183)]. Ho\l've\er, although the effect 
estimates for PCBs \l'vere sometimes quite 
lar~, they \l'vere also me:sured with extrerre 
imprecision, cs indicated by trevery lar~ Cis. 
Maternal third-trim:ster blood DOE wcs not 
ce;ociated with any of the outcorre m:asurES. 

Discussion 
We report an CS30Ciation betvveen prenatal 
incra:sing IDAP and ID MP urinary rretabo-
1 ite concentrations and poorer scorES on the 
BSID-11 MDI at 12 monthsamong blacks 
and Hispanics. Atsorrecg:s, theece;ociations 
\l'vere modified by maternal PON1 Q192R 

Table 4. Prenatal organophosphate biomarker levels and psychometric intelligence at 6-9 years in the 
Mount Sinai Olildren's Environmental Health Study. 

Log1omMP 
n J3 95%CI n J3 95%0 n J3 95%0 

Corrbined populations (6-9 years) 
FSIQ 140 -1.39 -4.54 to 1.77 140 -2.89 -6.15to0.36 142 -D.46 -3.17 to 2.26 
Ferceptual Fesoning -2.36 -6.04 to 1.31 -3.51 -7.31 to 0.30 -1.15 -4.31 to 2.02 
Verbal Canprehension -D.42 -3.45 to 2.62 -1.20 -4.35 to 1.96 -D.05 -2.64 to 2.54 

WIS}.N (7-9 years) 
FSIQ 114 -1.10 -5.01 to 2.81 114 -3.15 -7.19 to 0.89 115 -D.39 -3.64 to 2.86 
Ferceptual Fesoning -2.39 -6.97 to 2.19 -4.37 -9.10to0.36 -1.24 -5.05 to 2.57 
Verbal Canprehension 0.56 -3.11 to4.23 -D.08 -3.91 to3.76 0.39 -2.65 to 3.42 
A'ocessing Speed -1.05 -5.57 to 3.46 -2.11 -6.81 to 2.59 -D.79 -4.52 to 2.94 
Working Memory -D.53 -4.24 to 3.18 -3.48 -7.29 to 0.34 0.29 -2.81 to 3.38 

\/\.ffSI-111 (6 years) 
FSIQ 96 -1.14 -4.55 to 2.28 96 -1.40 -5.27 to 2.47 98 -D.56 -3.68 to 2.56 
Ferceptual Fesoning -2.07 -5.66 to 1.52 -1.59 -5.68 to 2.50 -1.46 -4.74 to 1.83 
Verbal Canprehension -1.16 -4.59 to 2.27 -2.27 -6.14to1.60 -D.52 -3.67 to 2.62 
A'ocessing Speed -1.22 -5.12 to 2.67 -1.85 -6.25 to 2.56 -D.84 -4.35 to 2.67 

Data are for a generalized linear models adjusted for sex, race/ethnicity, maternal education, language in the home, 
maternal PON1 enzymatic activity, alcohol use in pregnancy, batch season of urine collection, and urinary creatinine. 
Combined population models additionally adjusted for whether the score came from the WI~IV or \M'PSI-111 instrument. 

Table 5. Joint prenatal organophosphate biomarker and PO/I/1 Q192R effect on combined IQ domains at 
6-9 years in the Mount Sinai Children's Environmental Health Study. 

FCN1192<R!ffi FCN1192CQ 
(fast; n = 101) (slow; n = 39) Interaction 

J3 95%0 J3 95%0 p-value 

FSIQ 
Log1o1DAP -D.66 -4.33 to 3.00 -2.33 -6.40 to 3.74 0.64 
Log10 HlP -2.32 -6.49 to 1.86 -3.13 -6.21 to 1.96 0.80 
Log1oWMP 0.28 -2.89 to 3.44 -1.79 -6.83 to 3.25 0.49 

Ferceptual Fesoning 
Log1o1DAP -D.56 -4.80 to 3.68 -7.52 -14.53 to -D.51 0.09 
Log1oZ:I:H' -3.24 -6.11 to 1.62 -4.80 -10.73to 1.13 0.68 
Log1omMP 0.71 -2.96 to 4.38 -6.15 -11.99 to -D.31 0.05 

Verbal Corrprehension 
log1oZ:DAP -D.33 -3.87 to 3.20 0.73 -5.12 to 6.59 0.76 
Log1oZ:I:H' -D.45 -4.51 to 3.60 -1.20 -6.13 to 3.74 0.81 
Log1omMP 0.12 -2.93 to 3.16 0.24 -4.60 to 5.09 0.97 

Generalized linear models adjusted for sex, race/ethnicity, maternal education, language in the home, alcohol use in 
pregnancy, batch season of urine collection, urinary creatinine, and an indicator variable to designate the WI~IV or 
\M'PSI-111 instrument. 

genotype, although the interaction effects 
acr<H>exan )€EllS \l'vere not entirely consistent. 
For the 12-month exan, thestrong:st negative 
CS30Ciations with organophcsphate exposure 
wcs found in the QRIRR group, wrerEES for 
tre r:sYCf1orretric exans thestrong:st negative 
m;ociations\l'vere found in the QQ group. An 
explanation for a switch in the enhanced-risk 
genotype is not readily apparent; hoV've'ver, 
PON1 isacomplexgene invol\e:J in multiple 
physiological prcx::ea:s, including organophcs
phate rretabolism but also lipid peroxidation 
and oxidative stress (Li et al. 2003), which 
may impact neurode.teloprrent independently 
(Eskenazi et al. 2010) and/or jointly with 
organophcsphateexpa;ure. 

Heter~neity ax::ording to maternal ra::e/ 
ethnicity may indicate difference:; in expa;ure 
souro:s ratt-er than any underlying su:reptibi 1-
ity. As previously c:IEJocribed, overall, 46.4% 
of our motrers reported that p:sticic:IEs \l'vere 
applied in treir horreeitrer by therrrel\.eor 
by a family rrember during their pregnancy , 
although therewcsa profound racial dispar -
ity in this behavior (Berkowitzet al. 2003). 
Among the women who returned for the 
12-month BSI D-11 exan in the pre:ent study, 
70.5% of the blacks and Hispanics reported 
buying p:sticidEs, applying p:sticidEs, or fum~ 
gating their houre during their pregnancy, 
compared with only 31.6% of tre whitEs, and 
yet \I've did not detect significant differeno:s in 
treir expa;ure distributions [s:e Supplerrental 
Material, Table1 (doi:10.1289/ehp.1003184]. 
In our population, ra::e/ethnicitywcsstrongly 
m;ociated with whether a subject I i\e:J in pub-
1 ic or private housing. And i ndEecl, \I've found 
similar trends in the effect EStimatES when \I've 
stratified by housing type (public vs. private) 
ratt-er than rcre/ethnicity, although the mcg
nitudeof the interaction wcs not csstrong. 
This indicatES that whitES, or people living in 
pri\ateor ONner-oo:::upied housing, may have 
experienced a different source of expa;ure to 
p:sticic:IEsor treir metabolitES that contributed 
substantially to their urinary concentrations; 
one p<H>ibility is that p:sticide residUES from 
fresh fruit and 'v€getableconsumption ax::ount 
for a large fraction of the urinary metabo -
lite levels among whitES. Unfortunately , this 
pre:ents rerious com pi ications for expcsure 
reconstruction using urinary metabolites. A 
recent exanination of dialkylphcsphate re:;i -
dUES on fruits and 'v€getables found that more 
than half of the samples tESted contained more 
preformed dialkylphcsphateresidUES than par
ent organophcsphate p:sticidES (Zhang et al. 
2008). Thee dialkylphcsphate re:;idUES\I'vere 
produced by abiotic hydrolysis, photolysis , or 
plant rretaboliS11 (Zhanget al. 2008). Direct 
intake of the rretabol ite (i.e., p:sticide residue) 
without tre active oxon, rather than the parent 
p:sticide, do:s not inhibit cholinEStera:eactiv
ity. Thus, for subjects for whom the primary 
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Prenatal pesticides and cognitive development 

source of pesticide exposure is fresh fruit and 
~tableoonsumption, u:e of urinary metroo
liteoonrentrationscsan indication of parent 
oompound exposure may result in significant 
m~lcmification of exposure. 

Prenatal LDEP urinary metct:loliteooncen
trations rere cmociated with slight ckrara1ts 
in FSIQ, Perceptual Ra:lsoning, and Working 
Memory betV'vl:en the cg:s of 6 and 9 years. 
Furthermore, among children of QQ mothers, 
LDAPand LDMP urinarymetct:loliteoonren
trations rere a:rociated with poorer g;ore:; on 
Perceptual Ra:soning and FSIQ in a mono
tonically decrecsing manner. In both ca::es, 
reob:eM:!d stro~r Q192R intercctions for 
LDAPand LDMPurinarymetct:lolitES, rather 
than LDEP metct:lolitES. The re:sons for this 
are unclEar. PON1 Q192R exhibits substrate 
SJ:Eificity (Richteret al. 2009), but ourstron
g:st intercctions rere for dimethylpha:phatES, 
not diethylpha:phatES (into which chlorpyrifcs 
and diazinon both metct:loli2e). An alternati>ve 
explanation is that our dimethylphosphate 
metct:lol ite oonrentrations rere simply higher 
(E~I et al. 2007), indicating more available 
substrate. Unfortunately, the rele.tant parent 
oompoundscannot be deduced on the basis of 
nonspecific urinary dialkylphosphate;; how
e.ter, one rell-publici2ed source of dimethyl
phosphate exposure during the period of 
enrollment wcs malathion spraying for mos
quitOEScarryingWest Nilevirus (Nashet al. 
2001; O'Sullivan et al. 2005). lntere:;tingly, 
PON1 status may indi!Erlly influence methyl 
organophosphate metabolism when multi
ple organophosphate exposure:; are i nvol\ed 
(J:uren et al. 2009). 

The estimated effects we report for 
the BSID-11 MDI are in line with what hcs 
recently bEen reported in the CHAMACOS 
(Center for the HEalth ~t of Motrers 
and Children ofS:llincs) study (Eskenazi et al. 
2010), a similarly dESigned prcspe:;ti>ve birth 
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cohort that enrolledrrembers of an cgricultural 
oommunity in treS:llincs Valley of California. 
Eskenazi et al. (2010) reported evidence of 
negati>veeffectsof LDAPson the MDI, but 
not tre PD I, and particularly among children 
with the QQ ~notype, although trere did not 
app:ar to be strong effect heter~ity in the 
dialkylpha:phate-M D I relationship ax:ording 
to PON ~notype, and in somecircurrstanres 
the RR and QQ effect estimatES rereextrarely 
similar. Although \1\e report intercrlions with 
maternal PON1 Q192R~notype, refound 
\elY similar i ntercctions and effect estimatES for 
child ~otype in ouroohort (data not shown). 
In no cze:s did re detECt effect reter~neity 
ax:ording to PON1 enzyrrecctivity, perhaps 
b=cau:e ~otype is a more stable, long-term 
predictor of metct:lolism potential. Ra:;onciling 
estimated effects ccrrn; studiEs can be oompl i -
cated when only nonspecific urinary metabo
litES are rra:sured b=cau:e thEre metct:lolitES 
can deri>ve from multiple parent oompounds 
(CDC 2010) that may vary in the degrEe to 
which they intercrl with the Q192R ~notype 
and influence neurocle\€1opment. 

Ourswcsa multiethnicstudy popula
tion recruited at an inner-city tertiary care 
hospital that rer\eSa lower-inoome minor
ity population. Thus, attrition resulting from 
the challenge; of maintaining oontcct with 
this population may have affected our study 
findings. M isclcssification of parent com
pound exposureax:ording to exposure route is 
anotrer significant I imitation of our study and 
other studiES relying on urinary dialkylphos
phate biomarkers and may explain the hetero
~ity in effectsobreM:!d ccoording to ra:e/ 
ethnicity in our population. It may further 
oompl icate the oomparison of exposure effects 
ccrossstudiES where heter~neity exists in 
exposuresoura:s. Additionally, we rra:sured 
dialkylpha:phate biomarkers at one time dur -
ing pregnancy, approximately the Early third 

.. • 
... .. 

trimESter. Although \1\eax:ounted for sxronal 
variation in exposure levels in our model, other 
tirre-related variability may result in additional 
m~lcmification of exposure. 

Finally, re:;idual oonfounding by unrre:s
ured oovariatES, including postnatal exposure, 
should be considered when evaluating our 
results. Our study enrollment and e.taluation 
periodso>verlapped with important regulatory 
cha~ in re:;idential u:e of chlorpyrifcsand 
diaz:inon, which occurred approximately mid -
'J'8f through our study. Therefore, childhood 
exposure to thEre oompounds may vary sub -
stantially pre- >versus postban, although \1\e did 
not ol::rer>veany significant intercction with 
study )€Elr (data not shown). Ho\l\€\€r, thEre 
changES may explain tre i noonsistency betw:en 
our 12-and 24-month BSID-11 results. The 
0- to 12-month exposure window may include 
leE hand-to-mouth childhood exposure (from 
craNiingexposureto hou:edust, and/or fresh 
fruit and VEgetableoonsumption) than in the 
12- to 24-month window; thus, more child
hood exposure in the12- to 24-monthwindow 
may modify the effECt of prenatal exposure. 
NonetreleE, it is likely, o.erall, that childhood 
exposure to chlorpyrifos and diazinon wcs 
lorer postban (Wi II iamset al. 2008). 

Conclusion 
We found that prenatal maternal urinary 
d ialkylphosphate metct:lol ite concentrations 
were negatively cssociated with cspects of 
neurode.elopment at 12 and 24 months, and 
also at 6--9 )€EllS Of~. in an urban, inner-city 
population. At the later cge;, tree.tidenrewcs 
strongESt among trechildren of mothers with 
tre PON1192QQ ~otype, which wcs pre:;
ent in approximately 30% of our population 
o'verall, although that variESax:ording to rccial 
ancestry. This important potential source of 
effECt heter~ity should be oonsidered in 
future studiES of organopha:phateexposure. 
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Figure 1. Multivariate adjusted mean estimates and 95% Cis according to tertiles (T) of exposure and FO/I/1 Q19:R genotype. Among the children of mothers with 
the FO/I/1192CQgenotype (triangles), increasing tertile ofiDAP, L:DEP, and L:DMP exposure was generally associated with a monotonic decline in the combined 
WIS::..IVNVPPSI-111 FSIQ and Perceptual Reasoning domains, adjusted for sex, race/ethnicity, maternal education, language in the home, alcohol use in preg 
nancy, batch and season of urine collection, urinary creatinine, and an indicator variable to designate the WIS::..IV or WPPSI-111 instrument. We found no consis
tent patterns in the CRIRR genotype group (squares). There was considerable imprecision in all estimates. The first- versus third-tertile contrasts for Perceptual 
Reasoning were significantly different at p < 0.05 for L:DAP and L:DMP. 
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Correction 

Estimated betas and confidence intervals 
for the 12 and 24 month MDI in Table 3 
and Supplemental Material Table 3 were 
inadvertently attributed to the incorrect 
genotype in the manuocript originally pub
lished online. Estimated betas and con
fidence intervals previously a:;cribed to 
the QQ genotype instEBd l::elonged to the 
QRIRR genotype, and vice vetSa. Therefore 
the negative effects of expcsure on M D I at 
12 rnonthswereoctually found among the 
QR/RR group, with essentially no effect 
found in the slow-catalytic octivity QQ 
genotype. A revired Supplemental Material 
file has been plaEC! online. 
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